Summary: Regional lactate distribution in brain was as sessed quantitatively in coronal sections using a biolu minescent technique. This bioluminescence can be in duced by covering freeze-dried and heat-inactivated brain sections with a frozen solution containing enzymes and coenzymes both for lactate-dependent NADH formation and NADH-dependent bioluminescence, which was re corded photographically. Quantification and density Many pathophysiological processes in the brain are associated with an increase in lactate and thus with a decrease in tissue pH (Krivanek, 1961; Lowry et al., 1964; Bolwig and Quistorff, 1973; Fol bergrova et al., 1981; Mies and Paschen, 1984) . If the cellular oxygen availability is reduced below the critical concentration necessary for aerobic glucose metabolism, anaerobic glycolysis is activated, a process of which lactate is the end product. Pro nounced lactate formation has already been ob served during the first few seconds of global cere bral ischemia (Lowry et al., 1964) , indicating that lactate is indeed a highly sensitive indicator of an aerobic or partially anaerobic glucose metabolism. Since this increase in lactate and concomitant de crease in tissue pH may be a limiting factor in the recovery of brain cells from the anaerobic state (Rehncrona et al., 1979 (Rehncrona et al., , 1980 Ginsberg et al., 1980; Welsh et al., 1980; Kalimo et al., 1981) , de termination of tissue lactate content is important in the interpretation of impaired metabolic functions in the brain. Lactate is usually determined in tissue samples by homogenizing the samples in acid, which acts as an enzymic inhibitor, and then measuring the lac tate in the neutralized tissue extract (Lowry and Passonneau, 1972) . Since, however, the regional content of lactate may vary considerably under dif ferent pathological conditions, tissue samples must be taken specifically from regions of low and high lactate; if not, a simple average is obtained. To over come this limitation, a bioluminescent approach is described here that allows the regional quantitative determination of lactate in anatomically intact brain sections.
Many pathophysiological processes in the brain are associated with an increase in lactate and thus with a decrease in tissue pH (Krivanek, 1961; Lowry et al., 1964; Bolwig and Quistorff, 1973; Fol bergrova et al., 1981; Mies and Paschen, 1984) . If the cellular oxygen availability is reduced below the critical concentration necessary for aerobic glucose metabolism, anaerobic glycolysis is activated, a process of which lactate is the end product. Pro nounced lactate formation has already been ob served during the first few seconds of global cere bral ischemia (Lowry et al., 1964) , indicating that lactate is indeed a highly sensitive indicator of an aerobic or partially anaerobic glucose metabolism. Since this increase in lactate and concomitant de crease in tissue pH may be a limiting factor in the recovery of brain cells from the anaerobic state (Rehncrona et al., 1979 (Rehncrona et al., , 1980 Ginsberg et al., 1980; Welsh et al., 1980; Kalimo et al., 1981) , de termination of tissue lactate content is important in the interpretation of impaired metabolic functions in the brain. Lactate is usually determined in tissue samples by homogenizing the samples in acid, which acts as an enzymic inhibitor, and then measuring the lac tate in the neutralized tissue extract (Lowry and Passonneau, 1972) . Since, however, the regional content of lactate may vary considerably under dif ferent pathological conditions, tissue samples must be taken specifically from regions of low and high lactate; if not, a simple average is obtained. To over come this limitation, a bioluminescent approach is described here that allows the regional quantitative determination of lactate in anatomically intact brain sections.
MATERIALS AND METHODS
Regional changes in tissue lactate were assessed quan titatively under three different experimental conditions, namely, global cerebral ischemia induced in rats by car diac arrest, focal cerebral ischemia induced in gerbils (Meriones unguiculatus) by occluding the left common carotid artery, and experimental brain tumor in rats caused by inoculation of tumor cells. For these proce dures, animals were anesthetized with halothane (1.5 vol%) and, in the case of rats, immobilized and mechan ically ventilated. Blood gases were measured and ad justed to normal range. At the end of the experiments, rat brains were frozen in situ with liquid nitrogen (Ponten et aI., 1973) and gerbil brains by immersion of animals in liquid nitrogen. Brains then were cut into 20-fLm-thick coronal sections in a cryostat at -20°C. Lactate images were obtained by inducing substrate-specific biolumines cence: The 20-f.lm-thick coronal sections were freezc dried at -25°C for I h in a low-temperature cabinet and heat inactivated at lOO°C for 10 min. Subsequently, they were covered, at -20°C, with a 60-f.lm-thick section of a frozen enzyme-substrate solution containing all neces sary enzymes, coenzymes, and cofactors for the sub strate-specific bioluminescent reaction. After warming up to room temperature, the open sandwich was placed on a photographic film (Agfapan Professional 200 or 400 ASA) in a dark room for recording bioluminescent light emission (exposure time 20 s). In addition, lactate was determined quantitatively in samples (�15 mg each) taken from regions with high and low lactate (as illus trated in the lactate-bioluminescent images) in the re maining tissue block (Lowry and Passonneau, 1972) . drogenase (l00 Ulml), glutamate pyruvate transaminase (40 U/mI), NAD(P)H:FMN oxidoreductase from Vibrio fischeri (2 Ulml), and luciferase from Vibrio fischeri (2 mg/ml) dissolved in phosphate buffer (100 mM, pH 7.0).
The solution was gelatinized at O°C and subsequently frozen at -80°C using liquid nitrogen-cooled 2-methyl butane.
RESULTS
This bioluminescent approach to the quantitative determination of regional lactate content in intact brain sections is based on the following enzymic reactions, which occur at pH 7.0 in single- Quantification of bioluminescent pictures was per formed as follows: Films were scanned by a rotating mi crodensitometer (Scandig 3; Joyce Loebl, Gateshead, U.K.) with a resolution of 100 f.lm. The average optical density was calculated in those brain areas from which tissue samples had been taken for the quantitative deter mination of lactate. Optical density of bioluminescent im ages was then correlated with the content of substrates within the samples. The regression coefficients of this correlation permitted the bioluminescent images to be quantified and density coded using a laboratory computer (PDP 11-24; Digital Equipment, Maynard, CA, U.S.A.) and an image-processing system (Type ID 2200; DeAnza System, Santa Clara, CA, U.S.A.).
A practical limitation of bioluminescent methods is the result of variations in the luminescent reaction between different reagent blocks and even with different uses of the same block. To control for this, 20-f.lm coronal sec tions from normal animals (gerbil and rat) whose brains were frozen in situ with liquid nitrogen were processed as above. Representative samples were then taken from the remaining tissue block and analyzed for lactate (Lowry and Passonneau, 1972) . With each use of the en zyme block, sections from the normal animals were pro cessed along with the experimental sections, serving as controls for the luminescent reaction and variations in film development.
The enzyme block for lactate imaging was composed of gelatin (20 mg/ml), glycerol (10 mg/ml), polyvinylpy rollidone (10 mg/ml), glutamate (50 mM), NAD (37.7 mM), dithiothreitol (0.13 mM), decylaldehyde (2.0 mM, dissolved in methanol), FMN (0.08 mM), lactate dehy-
Lactate is linked to NADH formation by lactate dehydrogenase (reaction 1). The unfavorable equi librium of the lactate dehydrogenase reaction at pH 7.0 is shifted to NADH formation by transamination of the reaction product, pyruvate, to alanine in the presence of glutamate-pyruvate transaminase (reaction 2). NADH is then used in the reduction of FMN by NADH:FMN oxidoreductase (reaction 3). The last step is the reoxidation of FMNH2 by the enzyme luciferase (reaction 4). Part of the free energy of the luciferase-catalyzed oxidation reac tion is emitted as light. Since the lactate-coupled bioluminescent reaction is carried out on a photo graphic film, the bioluminescence blackens the film, the density of which correlates closely with the lac tate concentration within the brain section [corre lation coefficients ranged between r = 0.92 (global ischemia) and r = 0.97 (brain tumor)].
Regional changes in tissue lactate content were assessed quantitatively under different experi mental conditions (Table 1 ; Fig. 1) , namely, in a control rat frozen in situ (Fig. Ia) , in a rat frozen 40 s after cardiac arrest (Fig. 1 b) , in a gerbil after production of focal cerebral ischemia (Fig. Ic) , and in a rat brain 14 days after inoculation of tumor cells (Fig. Id) . The lactate content in the control animal was low, lying between I and 2 flmollg in the ce- Codes refer to the graded densities shown in " Fig. la-c and bFig . Id. The concentration of lactate is expressed in fLmol/g. rebral cortex and the hippocampus. After 40-s com plete global cerebral ischemia, a marked increase in lactate was apparent (Fig. Ib) . The gradual in crease in lactate from the cerebral cortex (lactate content � 7 J.1mol/g) to the basal part of the brain (lactate up to 12 J.1mol/g) is likely to be caused by the time lag in freezing the basal parts of the brain. It is thus evident that lactate-bioluminescent images are very sensitive indicators of inadequate freezing.
Common carotid artery occlusion in gerbils led to a marked increase in lactate content (Fig. Ic) (�9 and 12 J.1mol/g lactate in the \eft cerebral cortex and basal ganglia, respectively). The animal illustrated in Fig. lc exhibited severe neurological symptoms, which are known to correlate closely with the de gree of biochemical disturbances (Paschen et al., 1983b) . Regional distribution of lactate in an exper imentally induced brain tumor is shown in Fig. Id. 
control focal ischemia
Surrounding the tumor mass (arrows) is a region of brain tissue that has a high content of lactate.
DISCUSSION
The sequences of biochemical changes in brain tissue following reduction in oxygen availability are well known. If oxygen availability is reduced below the critical threshold necessary for aerobic glucose metabolism, anaerobic glycolysis is activated, of which lactate is the end product. Activation of gly colysis may lead, in addition, to a decrease in tissue content of glucose and high-energy phosphates (be cause of low amount of glycolytic ATP formation). Decrease in glucose content due to increase in the glycolytic flux may be overcome at \east in part by an increased rate of glucose extraction from the plasma and the low glycolytic ATP formation by activation of glycolysis. Consequently, it can be asglobal ischemia Table 1 for quantification of density codes.
sumed that lactic acid is the most sensitive indicator of anaerobic or partially anaerobic metabolism. The bioluminescence approach for quantitative imaging of brain lactate is therefore of importance for the understanding of pathophysiological processes in brain.
The lactate-imaging technique is based on NADH-dependent bioluminescence. Quantitative imaging of glucose in brain sections is similarly based on NADPH-dependent bioluminescence (Paschen et aI., 1981) . Consequently, all biochem ical substrates that can be linked enzymically to NADH or NADPH formation can be determined quantitatively in intact tissue sections using the same technique. There are, however, factors that always have to be taken into consideration: (a) Dif ferences in the pH optimum between the NADH or NADPH-coupled bioluminescent reaction and the substrate-dependent NADH or NADPH for mation. I have shown here that this limitation may be overcome by modifying the conditions so as to suit the coupled reaction. (b) The concentration of the substrates of interest. Should the concentration of a given substrate be very low, the resulting bio luminescence can be too weak to darken the pho tographic film. However, low bioluminescence can be amplified by several orders of magnitUde by em ploying an image intensifier used already in our lab oratory. Thus, it should soon be possible to adapt the present bioluminescent technique to the re gional quantitative determination of several bio chemical substrates, thereby improving consider ably the spatial resolution obtainable in biochemical investigation of the brain.
The bioluminescent technique has the advantage of being simple and reproducible and requiring no expensive equipment. A cryostat, densitometer, and dark room are available in most establishments in which animal experiments are carried out. Also, since the bioluminescent technique is carried out on organ sections in vitro, consecutive sections can be taken for qualitative or quantitative evaluation of different substrates (Paschen et aI., 198 1, 1983a (Paschen et aI., 198 1, , 1985 . Finally, since the bioluminescent reaction is fast and hence the exposure time short in compar ison with that required for autoradiography, both methods can be used on sections taken from the same animal (Paschen et aI., 1982 (Paschen et aI., , 1983b Hoss mann et aI., 1985) .
